Etching of a highly {100}-oriented diamond coating, {100}HODC, with hydrogen gas using Fe, Co, Ni, and Pt nanoparticles as a catalyst was examined at high temperatures over 700°C by high-resolution scanning electron microscopy and Raman spectroscopy. The metal atoms vacuum-evaporated onto the {100}HODC formed nanoparticles themselves when heated at high temperatures; e.g. 700°C, in a flowing gas mixture of H 2 (10%) + N 2 (90%). At 800°C, short nano-channels and etch pits holding metal nanoparticles were formed by Fe, Co, and Ni. The shapes of the Co and Ni nanoparticles in the etch pits were affected by the shape of the etch pits; reversed pyramidal shape. On the other hand, the top view of the Fe nanoparticles embedded in the etch pits showed a distorted round shape, probably due to the formation of something such as iron carbide, while the carbon content was unknown. Apparently, etching of the {100}HODC by Pt nanoparticles was observed after the treatment at 1000°C. The difference in the catalytic etching behavior among these metal particles, the potential etching mechanism of diamonds with hydrogen by metal nanoparticles, probably as melted metal nanoparticles, and the formation mechanism of vacant etch pits were discussed.
Introduction
Carbon materials; such as carbon black, highly oriented pyrolytic graphite (HOPG), activated carbon, diamond crystallite, and boron-doped diamond (BDD), can be catalytically etched by hydrogen gas at high temperature with the help of various metal nanoparticles as a catalyst [1] [2] [3] [4] [5] [6] [7] . Nano-channels formed on BDD surface layers can be utilized to increase the applicability of BDDs [6, 7] . Nano-holes formed in activated carbon by etching, i.e., gasification, can be utilized for the increase of mesopores into the activated carbon to enhance the functionality of the porous carbon materials [4, [8] [9] [10] [11] [12] [13] . The modification of the surface morphology of diamonds has been reported by many research groups [14] [15] [16] [17] [18] [19] , Jin el al. focused on the role of the molten rare-earth metals to etch away the diamond film surface [14, 15] . The oxidative etching using oxygen, oxygen/water vapor mixture gas and molten potassium nitrate, respectively have been reported [16] . For patterning of diamond, catalytic etching of diamond in the hydrogen atmosphere through thin solid metal film was studied [17] . On the other hand, fine patterning and selective etching of diamond by oxygen plasma etching through alumina or aluminum mask were demonstrated [18, 19] . The surface modification of synthetic diamond crystallites and BDDs with various metal nanoparticles and hydrogen has been reported only by our group [5] [6] [7] . The use of diamond crystallites and BDDs makes it possible to elucidate the relationship between the surface structure of diamonds and etching phenomena by metal nanoparticles. The cubic and hexagonal arrangements of carbon atoms on the {100} and {111} surfaces of diamond crystallites reflected on the shape of the etch pits; however, the rationale of the unique geometry of the etch pits and form of metal particles is still unclear.
In this study, the catalytic etching of Fe, Co, Ni, and Pt nanoparticles as a catalyst at a temperature between 700°C and 1000°C under a hydrogen atmosphere towards a highly {100}-oriented diamond coating, {100}HODC, was investigated. The flat surface of {100}HODC is profitable for the morphological investigation on the etching of the diamond surface by metal nanoparticles.
Materials and Methods
A highly {100}-oriented diamond coating, {100}HODC, formed on a Si(100) single crystal wafer using microwave plasma enhanced chemical vapor deposition [20] , was 4 used in this study (provided by Kobe Steel, Ltd.). Vacuum evaporation method was applied to the loading of metal onto the {100}HODC, and the loading amount was monitored with a quartz thickness monitor (Anelva, EVM-32B). The specimen was placed in a Pt boat which was subsequently placed in a fused silica furnace tube and heated at a temperature between 700°C and 1000°C in a flowing gas mixture of H 2 (10%) + N 2 (90%) for a specified amount of time, typically 2 h. The specimen treated by this procedure was designated as M(M: Fe, Co, Ni, or Pt)-treated highly oriented diamond coating, i.e., M-{100}HODC. The structure of the specimens was characterized by high-resolution scanning electron microscopy (HR-SEM, Hitachi S-5000), Raman spectroscopy (Kaiser Optical Systems, Inc., Raman Microscope System 3000, YAG laser λ=532 nm) and X-ray diffraction (XRD, Rigaku RINT-2550 with monochromated CuK α radiation at 40 kV and 40 mA). An XRD profile in the 2θ range of 20-95° was scanned at a scanning speed of 2° min -1 . Figure 1 shows typical scanning electron microscopy (SEM) images of different magnifications of a pristine specimen of the {100}HODC used in this study. As pointed out with a white circle in Fig. 1-(b) , the steps affected by epitaxial growth were found on the surface of the diamond; however, neither etch pits nor nano-channels could be observed on the surface. The X-ray diffraction (XRD) pattern of this diamond coating showed a strong peak from the (400) plane of the Si(100) single crystal wafer substrate, and a weak peak from the (111) plane of the {100}HODC. The {100}HODC was so thin that the peak could not be observed from the (400) plane of the {100}HODC on the XRD pattern in the experimental condition. The diffraction peaks from the (100) and (200) planes of the Si and the {100}HODC were not observed due to the extinction rule of the diamond structure.
Results

Structure of the highly {100}-oriented diamond coating,{100} HODC
[ Fig. 1] 
Etching of {100}HODC by Co nanoparticles in an hydrogen atmosphere
Usually, the metal atoms deposited on flat and dense substrates by vacuum evaporation cohere, resulting in small metal particles being dispersed on the substrate. Thus, many Co nanoparticles with less than ca. 20 nm in diameter were formed on the {100}HODC after the heat-treatment at 700°C; however, there is no evidence of etching of the {100}HODC by the Co nanoparticles in either the secondary or the back-scattering SEM images for this specimen.
[Fig. 2]
Upon heating of the Co-deposited specimen at 800°C under a hydrogen atmosphere for 2 h (Fig. 2-(b) ), the Co particles not only cohered but also acted as a catalyst for the gasification of diamond with hydrogen gas. In a previous report concerning the etching of the surface layers of a synthetic diamond powder with Co nanoparticles, methane was detected as a product of the gasification by hydrogen, and both nano-channels and etch pits on the {111} planes, as well as etch pits on the {100} planes, were observed [2] .
The SEM image in As shown in the SEM images of the Co-{100}HODC treated at 900 °C for 2 h ( Fig.   2 -(c)), the results of the etched surface of the {100}HODC were almost the same as those of the Co-{100}HODC treated at 800°C for 2 h; however, vacant etch pits, i.e., etch pits embedding no Co nanoparticles, were also observed (indicated with a white triangle). The formation of the vacant etch pits will be discussed in the discussion section. while the carbon content is unknown, because the solubility of carbon into iron is much higher than that into Co, Ni, and Pt [21] . Differently from the case of the Co, Ni, and Pt nanoparticles, the "iron carbide" particles may not easily form round-shaped particles even at 900°C, and they also bulged the etch pits probably due to the incorporation of both carbon, from the diamond, and ion particles surrounding them. It is still uncertain whether any iron-related particles exist in the apparently vacant etch pits or any small "iron carbide" particles exist in them.
Etching of {100}HODC by Ni nanoparticles
Etching of {100}HODC by Fe nanoparticles
[ Fig. 4] Pt-{100}HODCs at 900°C, the finely dispersed platinum nanoparticles were observed, and neither etch pits nor nano-channels was apparently found on the {100}HODC; however, many etch pits were observed for the specimen treated at 900°C, where much more amount of Pt was loaded on synthetic diamond crystallites [22] . On the SEM images of the specimen heat-treated at 1000°C, many etch pits were clearly observed ( Fig. 5-(b) ). Although it is well known that the size of metal particles drastically increased with increasing heat treatment temperature [2] , the SEM images suggested that the aggregation of the nanoparticles were controlled being restricted by the walls of the etch pits. The temperature needed for the formation of etch pits by Pt nanoparticles was higher than that required by Fe, Co, and Ni nanoparticles. Such a difference may be caused by both the difference in the size and the melting point of the metal nanoparticles. As shown in Fig. 5-(b) , two types of etch pits formed on the surface of the Pt-{100}HODC: the first one holds a Pt nanoparticle (indicated with a circle), and the second one holds no Pt nanoparticle (indicated with a white triangle).
Etching of {100}HODC by Pt nanoparticles
The specific etching behavior of {100}HODC with various metal nanoparticles described above is summarized in Table 1 .
[ Fig. 5 Figure 18 shows the Raman spectra of the Fe-{100}HODC, Co-{100}HODC and Ni-{100}HODC treated at 900°C for 2 h and that of a pristine {100}HODC. For each specimen, D and G peaks, which lay at ca. 1334 and 1540 cm -1 , respectively, were observed, while the pristine {100}HOCD gave a peak at 1509 cm -1 in the wave number region between 1400 and 1650 cm -1 . The band at 1334 cm -1 is assigned to the than that of the pristine {100}HODC suggest that the sp 2 -bonded carbon impurities that had been formed on the pristine {100}HODC was partially removed by the metal particles through the etching of the surface layers of the {100}HODC.
Raman spectroscopy for the pristine {100}HODC and M-{100}HODCs
Discussion
Formation of vacant etch pits by metal nanoparticles
The {100}-oriented diamond coatings were patterned with Fe, Co, Ni, and Pt nanoparticles for the catalytic etching at temperatures over 800°C in a hydrogen atmosphere. The formation of vacant etch pits observed for these four kinds of M-{100}HODCs strongly suggests that the respective metal nanoparticles slipped out the etch pits walled with four {111} planes of the diamond. As the reasons for the metal nanoparticles to be able to slip out the etch pits of the {100}HODCs, the following ones should be pointed out: (1) the treatment temperature of the M-{100}HODC was very high, i.e., higher than 900°C; (2) since the melting point of a metal nanoparticle generally decreases with a decrease in the particle size; for example, the melting point of bulk gold is ca. 1300 K and that of ultrafine gold particle with 2 nm in mean diameter was reported as about 600 K [25] , the metal nanoparticles investigated in this study must reach the melted state at temperatures higher than 900°C; (3) since the {111} planes of diamond is the closest packing plane, metal nanoparticles can move on the flat surface of the {111} planes more easily than on the {100} plane; (4) since the surface carbon atoms of the {111} planes of diamond have no dangling bond, they must be less active than those of the {100} plane which have dangling bond. These four factors must enable the melted metal nanoparticles to slip out of the etch pit before the metal particle becomes too large in the etch pit.
Potential etching mechanism of {100}HODC with H 2 and metal nanoparticles
Concerning the etching behavior of diamonds with hydrogen and metal nanoparticles, the following information has already been obtained by our group [5] [6] [7] :
(1) heating of diamonds (diamond powder, BDD, and {100}HODC) on which metal particles (Fe, Co, Ni, Ru, Nb, Mo, W, and Pt) are loaded in a flowing gas mixture of H 2 (10%) + N 2 (90%) at 1 atm at temperatures higher than 800°C introduced nano-holes (etch pits) and/or nano-channels into the surface layers of the diamonds; (2) methane was detected during etching of the diamonds under a hydrogen atmosphere; (3) nano-channels are preferentially formed on the closest packing plane of {100} of the diamonds, while etch pits are rarely formed; on the other hand, etch pits walled with four {111} planes, presumably a reverse pyramidal shape, are formed on the {100} planes of the diamonds; (4) both the bottom and the walls of the nano-channels are flat;
(5) similar to diamond, other carbon materials, such as graphite [2, 3] , carbon black [1] , and activated carbon [4] , are also etched with hydrogen by metal nanoparticles as the catalysts.
The flatness of the walls of the etch pits and the bottoms of the nano-channels strongly suggests that diamonds were etched by the melted metal nanoparticles. The formation of methane signifies that the surface carbon atoms of the diamond react with hydrogen with the help of the metal nanoparticles as catalyst. The melted metal nanoparticles absorb carbon atoms more easily than solid metal nanoparticles up to the limit of the solubility. One method for the synthesis of carbon nanotubes requires the use of a gas mixture of methane, hydrogen, and inert gas at high temperature [26] [27] [28] . In the case of the etching of diamonds in this study, the pressure of hydrogen was very high (0.1 atm), and that of methane was very low because the gaseous product (methane) on the diamond was promptly blown away by the flowing gas mixture of H 2 and N 2 . Thus, etching of diamond must proceed through something similar to a reverse reaction of the formation of carbon nanotubes; i.e., the absorbed or adsorbed carbon atoms on the metal nanoparticles react with hydrogen, resulting in the formation of methane. Since taking of the carbon atoms from diamonds by the metal nanoparticles occurs from the weakly bonded atoms of diamond, the carbon atoms of the closest packing plane of diamond, which have no dangling bond, are the most stable against the taking out of the carbon by metal nanoparticles, as compared to the other crystal planes.
As a result, etch pits walled with four {111} planes are formed on the {100} plane.
In The Fe particles that formed a distorted round shape may be due to the fact that Fe-C binary alloy has the potential to form in various phases with different crystallographic structures within the temperature range.
Conclusions
The catalytic etching behavior of a highly {100}-oriented diamond coating, {100}HODC, with hydrogen gas at temperatures between 700°C and 1000°C using Fe, Raman shift / cm -1 Fig. 6 
